The aim of this study was to determine the machinability of new silica-doped Y-TZP by CAD/CAM and the resistance to low temperature degradation of the milled sample by comparing with a commercial HIP type Y-TZP material. The copings could be milled from silica-doped Y-TZP blocks without chipping, and there was no significant difference between the two types of Y-TZP materials in either the marginal or the inner gap between the abutment and the coping. After aging, the monoclinic content in the commercial Y-TZP copings increased from 25% before testing to 65%, while that of silica-doped Y-TZP copings slightly increased from 23% to 30%. The silica-doped Y-TZP copings did not have any significant difference in fracture load in a comparison between the control group and the aging group, while the commercial Y-TZP copings had a significantly lower fracture load for the aging group than for the control group.
INTRODUCTION
All-ceramic restorations, having been chiefly used in anterior regions due to their excellent esthetic properties and biocompatibility, have recently become increasingly popular for the treatment of posterior regions. This is primarily because it has become possible to fabricate frameworks of crowns or fixed partial dentures using Y-TZP (Yttria-stabilized Tetragonal Zirconia Polycrystal) that have great mechanical strength and high fracture toughness 1, 2) . Y-TZP is also being used increasingly for dental implants where esthetics is important 3) . It is known that Y-TZP is subject to degradation in a humid atmosphere, even in low ambient temperatures 4) . Some researchers have reported that the addition of a small amount of silica has effectively suppressed this low temperature degradation (LTD) of Y-TZP 5, 6) . In our previous study, we manufactured a new type of Y-TZP material by adding 0.2 mol% of silica and subjected this material to an accelerated hydrothermal aging test, to demonstrate that this silica-doped Y-TZP material is resistant to degradation 7) . The purpose of this study is to determine whether this silica-doped Y-TZP can be milled properly using dental CAD/CAM systems and whether its resistance to LTD is retained after milling, by comparing it with a commercial Y-TZP material.
MATERIALS AND METHODS

Milling the Y-TZP using a CAD/CAM system
The dimensions of an artificial epoxy tooth (X868B, Nissin, Kyoto, Japan) modeling a lower first molar with a preparation design for a jacket crown were measured using a CAD/CAM system (DentaCAD, Hint-Els, Griesheim, Germany) and an identical titanium abutment of the same size and preparation design was made by milling a titanium block. This abutment had a heavy chamfer margin (approximately 0.8 mm wide) around the whole circumference (Fig. 1) .
Next, the dimensions of the above titanium abutment were measured using the CAD/CAM system (DentaCAD, Hint-Els) and copings were milled for all-ceramic crowns from zirconia blocks, in accordance with the measurements obtained. Each of the copings was 0.5 mm thick, with a cement space setting of 50 µm. Two types of zirconia blocks were used: a commercial HIP type Y-TZP block (sample Z, ZrO2+HfO2+Y2O3> 99.0 wt%, Hint-Els ZrO2 TZP HIP, Hint-Els) and an experimental 0.2 mol% silica-doped Y-TZP block (sample S, ZrO2+HfO2: 93.94 wt%, Y2O3: 5.36 wt%, Al2O3: 0.26 wt%, SiO2: 0.41 wt%) that we manufactured on a trial basis. Both blocks were manufactured by sintering zirconia completely and the sample Z contained a small amount of alumina 8) . The experimental silica-doped Y-TZP block was manufactured by sintering silica-doped Y-TZP powder at 1450°C for 3 h. The copings were given a lingual collar to prevent the veneer porcelain from fracture 9) . We manufactured a total of 20 pieces, 10 each from each type of Y-TZP block (Fig. 1) . After milling, the inner surface of each coping was not corrected by the dental technician.
The relationship between milling a new silica-doped zirconia and its resistance to low-temperature degradation (LTD): a pilot study Each of the completed copings was placed onto the titanium abutment and the vertical marginal gap between the coping and the abutment was measured on the buccal, mesial and distal surfaces, using a microscope (×200, VH-Z100UR, KEYENCE, Osaka, Japan). The marginal gap on the lingual surface was not measured because its margin was too thick to measure, due to the presence of the support collar. A measurement reference point was marked at the center of each of the buccal, mesial and distal surfaces on the margins of the titanium abutment and 10 points within 0.5 mm from each of the marks were selected as measurement points (30 measurement points in all).
In addition, the inner marginal gap between each coping and titanium abutment was measured nondestructively 10) as follows: A test-fit silicone paste (Fit Checker, GC, Tokyo, Japan) was mixed, inserted into the inside of the coping, excess paste was removed, and placed under pressure onto the abutment. The abutment and the coping were clamped with a clip under constant load (9.6 N) and left for 10 min until the test-fit silicone paste cured completely. After curing, the mass of the test-fit silicone paste was determined using an electronic scale to obtain the mean inner gap between the abutment and the coping, from the density of the compound and the surface area of the abutment. The statistical comparison of the test results between types S and Z was performed using Student's t-test.
Accelerated aging test and facture load
The copings milled from the samples Z and S in Section 1 were divided into two groups: the control and aging groups. The aging group specimens were immersed in distilled water inside a decomposition vessel consisting of an inner Teflon tube and an outer stainless tube. They were all subjected to an accelerated aging test for 5 h at 200°C and 2 bar using a drying oven (MOV-112, SANYO, Moriguchi, Japan) 7) . Each coping specimen was secured to the titanium abutment with resin cement (SA Luting, Kuraray Medical, Tokyo, Japan). The coping and the abutment were clamped with a clip under constant load (9.6 N) and left for 30 min for the cement to cure, before the start of the destructive test. A steel ball, 3 mm in diameter, was placed at the center of the occlusal surface on the coping, and a load was applied from above using a universal testing machine (Autograph AG-20kNG, Shimadzu, Kyoto, Japan) to obtain the fracture load of the coping (Fig. 2) .
The statistical comparison of the test results between the control and aging groups was performed using Student's t-test.
After destructive testing, the surface of each specimen was observed under a microscope (×300, VH-Z100UR, KEYENCE) and its crystalline structure was evaluated by X-ray diffraction (XRD, RINT-TTR3, Rigaku, Tokyo, Japan). Three sessions of XRD were performed, and the monoclinic content, an index of degradation, was calculated from the results of the XRD analysis, using the Garvie-Nicholson equation 11) .
RESULTS
Both samples Z and S could be milled into a coping using a CAD/CAM system without having a problem of chipping arise. The marginal gaps for sample Z were 40 µm on the buccal surface, 19 µm on the mesial surface, and 58 µm on the distal surface. For sample S they were 40, 18 and 56 µm, respectively (Figs. 3 and 4 ). There were no significant differences between samples Z and S at any of the sites. The mean inner gap between the abutment and coping was 105 µm for sample Z and 120 µm for sample S, indicating that there were no significant differences between the two samples.
After the accelerated aging test, some copings from sample Z had damaged support collars at the buccocervical area, while no copings from sample S showed any macroscopic changes (Fig. 5) .
The control group copings from sample Z withstood a fracture load of 1,723 N, but those of the aging test group had a significantly reduced fracture load, at 1,370 N (p<0.001) (Fig. 6) . However, the copings from sample S did not have any significant difference in the load withstand comparison between the control group (1,728 Fig. 2 Fracture load measurement by using a steel ball. Fig. 1 Titanium abutment and milled zirconia coping. Fig. 4 Marginal gap of the sample Z and the sample S. Fig. 3 Marginal gap between the titanium abutment and the milled zirconia coping. The aged sample Z had surface damages (arrow).
N) and the aging group (1,622 N). The copings subjected to destructive testing were observed under a microscope. The copings from sample Z, which had been subjected to an aging test, had surface damage, but those from sample S did not have any damage surface (Fig. 7) . XRD analyses revealed that the monoclinic content in the copings milled by CAD/CAM system of sample Z (25%) was not significantly different from that of sample S (23%). However, after they were subjected to the accelerated aging test, the copings from sample Z had an increased monoclinic content (to 65%), or more than twice the figure obtained immediately after milling (Fig. 8) . The monoclinic content of the copings from sample S was 30%, an increase of only 7% as compared with the figure obtained immediately after milling.
DISCUSSION
There are two methods of milling zirconia with a CAD/ CAM system: in one method zirconia blocks are sintered completely at 1,350°C to 1,550°C before milling and in the other the zirconia blocks are semi-sintered at around 1,000°C, milled, and then sintered fully. In the former method milling the zirconia block with its high level of mechanical strength takes a long time, but no dimensional changes occur due to sintering. The latter method makes for easier processing because a soft block is milled, but any shrinkage which takes place when completing the sintering must then be corrected 12) . Since the purpose of this study was to examine the machinability and adaptability, and the resistance to LTD of zirconia materials when processing copings with a clinically acceptable design, the former method which did not require correction for shrinkage was adopted.
In this study, we were able to mill copings successfully from a 0.2 mol% silica-doped Y-TZP block without chipping, exactly as with a commercial Y-TZP block. In addition, there was no significant difference between the two types of Y-TZP blocks in either the marginal gap of the coping or the inner gap between the abutment and the coping. From such results, it was inferred that the addition of 0.2 mol% of silica does not affect the machinability of Y-TZP.
It has been reported that ceramic copings milled using a CAD/CAM system in the same manner as in our experiment had a marginal gap of 33 to 43 µm between the crown and the abutment, and an inner gap of 110 to 114 µm between the coping and the abutment 13) . In other studies, it has also been reported that the gap between an experimental abutment and Y-TZP copings was found to be within the range of 0 to 115 µm 14) and that clinicallyused Y-TZP crowns had a marginal gap of 41 to 57 µm and an inner gap of 79 to 215 µm 15) . In the manufacture of Y-TZP crowns, the inner surface of the prosthesis often needs to be corrected by a dental technician to improve the marginal adaptation 16) . Although the inner surfaces of our crowns were not corrected, almost the same marginal and inner gaps as those in the previous reports were obtained by us, thus prompting us to conclude that CAD/CAM milling did not affect the machinability of the material.
A Y-TZP block for CAD/CAM milling consists of almost 100% tetragonal Y-TZP, and therefore almost no monoclinic crystals are found before milling. However, after a Y-TZP block or a silica-doped Y-TZP block is milled into a coping using a CAD/CAM system, the monoclinic content of the coping thus milled is increased to 23 to 25%. There is evidence that the monoclinic content of the Y-TZP is increased by the milling process 17) . In particular, it is reported that CAD/CAM milling causes the monoclinic content of Y-TZP to increase substantially 18) . The same tendency was observed in this study, as well.
When a 5 h long accelerated aging test at 200°C and 2 bar was conducted, the monoclinic content in the commercial Y-TZP coping more than doubled, from 25% before testing to 65%.
As for the comparison of the results, the accelerated aging test at 200°C and 2 bar in this experiment was used as the same condition as our former experiment 7) . It is reported that an accelerated aging test performed for one hour at 134°C and 2 bar is equivalent to 3 to 4 years of service in the 37°C intravital environment 19) . If activation energy is taken into consideration 20) , when temperature is raised, the degradation of the Y-TZP will progress far faster at 200°C than at 134°C; that is, it can be said that our test condition was considerably severe.
Our previous study 7) also revealed that when a rod-shaped Y-TZP specimen was immersed in 200°C water for 5 h in the same manner as with the present study, its monoclinic content increased by up to 62%, thus suggesting that commercial Y-TZP material degrades substantially more inside the coping, even after milling. Again, in this study, some of the commercial Y-TZP coping specimens had a damaged lingual collar which we suppose was due to degradation after the 5-h accelerated aging test. In addition when, in a preliminary experiment the accelerated test time was extended to 10 h, commercial Y-TZP copings were completely destroyed. By contrast, the monoclinic content of silica-doped Y-TZP copings increased by only 7%, from 23% before testing to 30% after the 5-h accelerated aging test, indicating that this material has resistance to LTD. That is, it was found that the monoclinic content was increased by milling in both commercial Y-TZP and silica-doped Y-TZP, but post-milling LTD was far lower in silica-doped Y-TZP.
When a fracture test is conducted on a crown with a Y-TZP coping, usually the veneer porcelain, which has less mechanical strength than the Y-TZP coping, fractures first 21) . The purpose of this study was to examine the effect of the LTD of Y-TZP on the fracture load of the coping, and therefore a fracture test was performed by applying a load directly on the coping, although this would not occur in a clinical situation. Before being subjected to an accelerated test, the copings had a fracture load of 1,700 to 1,750 N.
Although a strict comparison is difficult because the experimental conditions are different, some researchers have reported that Y-TZP copings secured to the abutment with resin cement have fracture loads of 731 to 1,973 N 22) , indicating that the fracture loads obtained in this study were in the appropriate range. The silica-doped Y-TZP copings did not have any significant difference in fracture load in a comparison between the control group and the aging group, while the commercial Y-TZP copings had a significantly lower fracture load for the aging group than for the control group. In addition, the microscopic observation of fractured pieces of coping showed that the commercial Y-TZP has a defect which was not found in the silica-doped Y-TZP. As the degradation of Y-TZP progresses, its crystalline structure in the surface layer changes from orthorhombic to monoclinic. The transformation to a monoclinic phase is accompanied by a volume increase of about 4% and the surface roughens and is prone to developing small cracks. It was thus conjectured that the defect found on the commercial Y-TZP copings subjected to the aging test was caused by the shedding of the monoclinic portion on the surface.
It appears that degradation of Y-TZP is triggered by water penetrating into the grain boundaries of the ZrO2 23) , causing hydrolysis. In silica-doped Y-TZP, the presence of silica in the zirconia grain boundaries might prevent the dispersion of water into the grain boundaries and thus reduce hydrolysis, suppressing the occurrence of degradation.
In some years of observations after luting crowns or fixed partial dentures using a Y-TZP framework, almost no fractures of frameworks have been observed; on the other hand the fracturing of the veneer porcelain has been a problem 24, 25) . A framework design with zirconia exposed on the lingual side of the crown or of the connector of the fixed partial denture is widely used to prevent the fracturing of veneer porcelain 8) . It is reported that when Y-TZP fixed partial dentures are placed in a thermal and mechanical cycling test in water, the fracture load of the fixed partial dentures decreases by 40% 26) . Because of this, it is anticipated that a framework with exposed zirconia might fracture due to degradation of the material in a humid environment, such as inside the oral cavity, where a heavy load is applied repeatedly over a long period of time. In addition, if such a framework is used as the abutment for an implant and the Y-TZP is exposed to the oral cavity, it might fracture due to degradation of the material over the course of time. The silica-doped Y-TZP used in this study seems to have more resistance to LTD than the commercial Y-TZP, and the material does not fracture easily even when it is used under an extremely severe condition.
CONCLUSIONS
A new 0.2 mol% silica-doped Y-TZP block could be milled successfully with a CAD/CAM system in the same manner as could a commercial Y-TZP block. When subjected to an accelerated aging test after milling, the silica-doped Y-TZP had a far lower increase in monoclinic crystals than the commercial Y-TZP and its fracture load was not reduced. These findings suggest that the silica-doped Y-TZP offers resistance to LTD and is suitable for long-term use in the oral cavity.
